Introduction
The mating system of animals, especially female mating frequency, has fitness consequences for both sexes [1] . Monandry, in which a female has one mating partner, is established when a female spontaneously refrains from mating with multiple males, and/or when a male prevents a partner female from mating with other males [2] . Males use various methods of interference, including mate guarding, prolonged copulation, injecting chemical substances to decrease the likelihood of a female re-mating, and mating plugs (which block the copulatory openings in the female) [3] . On the other hand, females often resist these methods, and these methods do not always perfectly secure the paternity of the males [4] [5] [6] [7] . A recent study revealed that polyandry is ubiquitous in animals [8] , which suggests that the countermeasures of females are usually effective.
Genital coupling is necessary for successful mating in many animals, and it would be impeded by genitalia damage. In fact, in some male spiders, genitalia or parts of genitalia such as sclerites or embolus are broken after mating to form mating plugs and cannot be used again [9] . On the other hand, studies about the effect of female genital damage after mating on the subsequent copulation ability of females are scarce.
In some female Araneidae spiders, a small projection, or scape, covers the copulatory openings of the genitalia (epigynum); this appendage can be mutilated in many females [10, 11] . Such mutilation may interfere with genital coupling [12] , and could be used to control female mating frequency. This study examines this hypothesis using the orb-web spider, Cyclosa argenteoalba, in a series of staged matings.
Methods
I used 84 virgin adult Cyclosa argenteoalba females from bamboo forests in Osaka and Kyoto, Japan in 2014. Some of them were collected as penultimate subadult females, and were kept until they made their final moult. Other adults were collected on their moulting webs, which were characterized by their small size, reduced number of radii, lack of spiral threads and presence of fibrous decorations [13] , indicating that the spiders had just moulted to adults. They were convincingly assumed to be virgins, because preliminary observations had revealed that no female mates with a male when on a moulting web. The spiders were released in a fenced garden observation area (9 Â 2 m), located in Shimamoto, Osaka, where the females built their webs. Individual spiders were distinguished by their photographs (C. argenteoalba exhibit individual variation in silver and black marking patterns [14] ) and web locations. Adult males were also collected and kept in vials. The observation area was separated from the natural habitat of the spiders by residential buildings, and whereas experimental spiders could emigrate from it, no immigration occurred during the study. This set-up isolated subject females from outside (non-experimental) males.
(a) General procedure
The genitalia of each female was inspected under a dissection microscope before she was allowed to mate. She was then returned to her web. After she regained her sitting posture, a male was introduced. Her response, the occurrence of copulation and sexual cannibalism, and the number and duration (the time between genital contact and separation) of palpal insertions, were recorded using normal-speed (Pentax Optio WG-2, 30 frames per second (FPS)) and high-speed cameras (Casio EXILIM EX-F1, 300 FPS). Normally, a copulation bout in this species consists of two separate palpal insertions (see Results). Copulation was judged unsuccessful when, despite male courtship, no palpal insertion was observed for 1 h, or the male left the web without palpal insertion. I inspected females after mating to verify whether the scape remained or not. Each male was returned to a vial.
(b) Experiment 1: copulation ability after genital mutilation
Each of 54 virgin females was paired with a male for staged mating. For five pairs, copulation was interrupted after the first palpal insertion because of sexual cannibalism or strong wind, and among the remaining 49 females, 13 disappeared from the observation area soon after the first mating, perhaps because of emigration. The remaining 36 mated females (five with a scape and 31 without a scape) were coupled with another male to determine if they could copulate.
(c) Experiment 2: artificial genital mutilation
Ten virgin females were anaesthetized with CO 2 , and their scapes were cut using fine scissors to mimic natural genital mutilation (figure 1d). Damage from the procedure appeared negligible, as no haemolymph was observed at the site, and the spiders subsequently resumed normal web building and prey capture. The mutilation apparently did not cause pain, because the scape has no sensory hair [12] and anaesthesia appeared effective. Ten control virgin females were also anaesthetized with CO 2 but were not mutilated. Females from the experimental and control groups were both coupled with a male, and their ability to copulate was observed.
(d) Experiment 3: the timing of mutilation in a copulation bout
Ten virgin females were subjected to staged mating. After the first palpal insertion, I removed the female from the web and looked for her scape. During this time, the male continued courting for the second insertion in eight pairs. I returned the female to her web and observed whether the second insertion occurred.
Results
Every virgin female had a scape on the basal plate of the epigynum (figure 1b). Scapes were wrinkled spade-shaped projections, and were bent in the middle. Copulation occurred on a mating thread spun by the male and the males courted females by vibrating this thread. After several courting trials, all females exhibited an accepting posture by exposing their genitalia to the males. The males then attempted to insert one of their two pedipalps. When the insertion was successful, rsbl.royalsocietypublishing.org Biol. Lett. 12: 20150912 the pair separated and the male courted the female again for the second insertion. In experiment 1, among the 49 females that completed copulation, five retained their scapes, and all other females were mutilated, i.e. their scapes were cut at their basal part ( figure 1a,c) . The mutilation rate was approximately 90% (44/49). Two mutilated females received only one palpal insertion; the partner males continued courting after the first insertion and attempted the second insertion repeatedly, but all trials failed. The remaining 47 females received two insertions. Median duration of insertion and its interquartile range were 0.89 and 0.73-1.27 s, respectively, for the first insertion, and 0.85 and 0.62-1.07 s, respectively, for the second insertion.
At the re-mating trial, all males courted females, irrespective of being mutilated or not, and all females exhibited accepting posture to males. However, all mutilated females failed copulation, despite the repeated attempts of the males to insert their pedipalps (electronic supplementary material, video S1). Copulation was successful in four of five unmutilated females, which had scapes (electronic supplementary material, video S2). The difference in mating success was significant (Fisher's exact test, p , 0.0001). Average courting durations were 8.01 min for mutilated (n ¼ 30) and 5.00 min for unmutilated females (n ¼ 5).
In experiment 2, all artificially mutilated females failed copulation. For the control virgin females, copulation was successful in nine cases, and failed in only one case. The success ratio was significantly different (Fisher's exact test, p , 0.001).
In experiment 3, all females retained their scapes after the first palpal insertion. Recoupling resulted in successful second insertion in seven pairs, and all females lost their scapes after this coupling. In the other three pairs, the second insertion did not occur, because males stopped courting in two cases and a female did not respond to courting in one case. Females in these three cases retained their scapes.
Discussion
A series of staged matings of C. argenteoalba revealed that one mating bout consisted of two palpal insertions, and was in most cases accompanied by female genital mutilation (FGM), by removal of the scape. Once mutilated, either naturally or artificially, no female successfully mated. Mutilated females did not appear to stop re-mating spontaneously to avoid harassment from males, because males pursued and courted both mutilated and unmutilated females similarly. The response of all mated females to these subsequent courtships instead suggests that whereas females pursue re-mating, males engage in FGM to enforce lifetime monandry in C. argenteoalba. The scape is presumably an essential appendage that the male genitalia must clasp before palpal insertion [15] , and mutilation potentially destroys this fine mechanism of genital coupling. In most cases, FGM occurred after the second palpal insertion, which is logical, because if mutilation occurred after the first insertion, then even the partner male could not complete the second insertion, as observed twice in experiment 1. These findings imply that the mutilation is an intended act and that the scape is not accidentally damaged.
Recently, FGM was also found to secure paternity in Larinia jeskovi, another species of orb-weaving spider [16] . FGM in L. jeskovi is very similar to that in C. argenteoalba. In L. jeskovi, the tegular apophysis of a pedipalp cut the side of the basal part of the scape halfway [16] . The same mechanism may also exist in C. argenteoalba, and it explains why two palpal insertions are necessary for successful mutilation: at each insertion, males possibly cut each of the right and left halves of the scape, although mutilation apparently does not always occur after two insertions in L. jeskovi.
Mutilated females were frequently (90% of all females at a maximum) found in the field (K.N. 2011-2014, personal observation), indicating that FGM is not an artefact of the experiment. Why did mutilated females respond to courting even though they could not re-mate? The females may not have recognized that they were mutilated. To date, there is no evidence that the scape has a sensory system [12] . Although spider females are considered at increased risk of predation and have decreased foraging opportunity during the mating trial [17] , these costs may be negligible to C. argenteoalba, and therefore females do not stop responding to males. Alternatively, the females may attempt to capture and eat the second male (sexual cannibalism), but this is unlikely. Overall, the rate of sexual cannibalism was very low; among 120 mating trials in this study, cannibalism occurred only four times. These four cases of cannibalism, in addition to five other cannibalism events (K.N. 2014, unpublished observation), occurred after palpal insertions, suggesting that pre-copulation cannibalism does not occur, or occurs rarely, in this species. As mutilated females do not complete copulation, they do not have the opportunity to capture and cannibalize males, making it unlikely that cannibalism is their motivation for courting males. Another question raised in this study is why females accepted all courting males, even though they mate with only one male throughout their lives. The sex ratio, mate-encounter rate and variation in male quality are areas for future investigation to explain this lack of choosiness in females.
If FGM is a mechanism for males to restrict the re-mating of females, then it is more efficient than other previously known mechanisms, including mate guarding, manipulation by chemical substances or placing mating plugs. Indeed, no mutilated female re-mated, and copulation ability, once lost, was not restored. Whereas the mutilation rate was high (approx. 90%), the cost for males to restrict the re-mating of females in this manner is considered low. In contrast to other species, C. argenteoalba males do not have to spend a long time deterring rival males, or sacrifice their mating ability by plugging female genitalia with broken pieces of their pedipalps [9] . Females appear to have no efficient way to counteract FGM. Sexual cannibalism might protect females if it occurred before mutilation, but it would not be a significant countermeasure, as the cannibalism rate was very low. Why do females accept mutilation? One answer may be that FGM is a recently developed trait, and the females may not have had time to evolve countermeasures. This explanation seems unlikely, because FGM is observed in other spiders of genus Cyclosa [11] , which suggests that mutilation may be an ancestral trait. Alternatively, females may seldom have the opportunity to mate with a second male. Information about sex ratio and mate-encounter rate in the field will be required to validate this hypothesis.
FGM in C. argenteoalba (this study) and L. jeskovi [16] is a previously unknown mechanism to realize monandry in animals. In bean weevils [18] and dung flies [19] , female genitalia are damaged during copulation, but this injury does not inhibit re-mating [20] . In some ponerine ants, mutilation deprives the females of their mating ability, but the mutilated organ is a pair of vestigial wings, not genitalia [21] . Female rsbl.royalsocietypublishing.org Biol. Lett. 12: 20150912 genital damage has been found to occur in many Araneoidea species [16] , and more FGM-driven monandry is expected to be found in these species. Comparison of species with and without FGM is anticipated to advance our understanding of the evolution of social systems and sexual conflict.
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